Aims/hypothesis Pancreatic beta-like cells generated from human induced pluripotent stem cells (hiPSCs) or human embryonic stem cells (hESCs) offer an appealing donor tissue source. However, differentiation protocols that mainly use growth factors are costly. Therefore, in this study, we aimed to establish efficient differentiation protocols to change hiPSCs/hESCs to insulin (INS) + cells using novel smallmolecule inducers. Methods We screened small molecules that increased the induction rate of INS + cells from hESC-derived pancreatic and duodenal homeobox 1 (PDX1) + pancreatic progenitor cells. The differentiation protocol to generate INS + cells from hiPSCs/hESCs was optimised using hit compounds, and INS + cells induced with the compounds were characterised for their in vitro and in vivo functions. The inducing activity of the hit compounds was also examined using mouse embryonic pancreatic tissues in an explant culture system. Finally, RNA sequencing analyses were performed on the INS + cells to elucidate the mechanisms of action by which the hit compounds induced pancreatic endocrine differentiation.
Results One hit compound, sodium cromoglicate (SCG), was identified out of approximately 1250 small molecules screened. When SCG was combined with a previously described protocol, the induction rate of INS + cells increased from a mean ± SD of 5.9 ± 1.5% (n = 3) to 16.5 ± 2.1% (n = 3). SCG induced neurogenin 3-positive cells at a mean ± SD of 32.6 ± 4.6% (n = 3) compared with 14.2 ± 3.6% (n = 3) for control treatment without SCG, resulting in an increased generation of endocrine cells including insulin-producing cells. Similar induction by SCG was confirmed using mouse embryonic pancreatic explants. We also confirmed that the mechanisms of action by which SCG induced pancreatic endocrine differentiation included the inhibition of bone morphogenetic protein 4 signalling. Conclusions/interpretation SCG improves the generation of pancreatic endocrine cells from multiple hiPSC/hESC lines and mouse embryonic pancreatic explants by facilitating the differentiation of endocrine precursors. This discovery will contribute to elucidating the mechanisms of pancreatic endocrine development and facilitate cost-effective generation of INS + cells from hiPSCs/hESCs. Data availability The RNA sequencing data generated during the current study are available in the Gene Expression Omnibus (www.ncbi.nlm.nih.gov/geo) with series accession number GSE89973.
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Introduction
Type 1 diabetes is an autoimmune disease that is characterised by beta cell destruction in the pancreas, deficient insulin production and persistently high blood glucose levels. Treatment with exogenous insulin, although life-saving, does not restore physiological control of blood glucose levels. Therefore, islet cell or entire pancreas transplantation is a potentially curative treatment for type 1 diabetes [1] [2] [3] . However, transplantation therapy is limited by donor shortages and the potential for tissue rejection. One solution to donor tissue shortages is to generate beta cells or islet tissues from human induced pluripotent stem cells (hiPSCs) [4, 5] or human embryonic stem cells (hESCs) [6] . Previous reports have described the generation of insulinpositive (INS + ) cells from hiPSCs/hESCs in vitro [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . In 2014, two landmark papers reported the efficient generation of glucose-responsive insulin-secreting cells from hiPSCs/ hESCs in vitro, with an induction rate of more than 40% [19, 20] . However, previously reported methods are costly because they mainly use growth factors as differentiation inducers. The aim of this study was therefore to establish differentiation protocols that produce INS + cells from hiPSCs/hESCs by identifying small molecules that act as potent inducers.
We used chemical screening to examine the effects of approximately 1250 compounds on pancreatic and duodenal homeobox 1 (PDX1) + pancreatic progenitors generated from hESCs using a modified version of a previously described protocol [17] . We identified one small molecule, sodium cromoglicate (SCG), which facilitates the differentiation of PDX1 + cells into INS + cells. Small molecules such as SCG, which have unique biological activities, have opened the doors to new biological studies and may further lead to the development of new treatments by significantly lowering cost [23] .
Methods
For detailed methods, please see electronic supplementary material (ESM) Methods.
Cell culture The use of hiPSCs and hESCs was approved by the Ethics Committee of Kyoto University, and informed consent was obtained from all donor individuals from which these cell lines were generated. Two peripheral blood-derived hiPSC lines, 648A1 and 692D2, three fibroblast-derived hiPSC lines, 409B2, 206B6 and 201B7 [4, 5, 24] and three hESC lines, H9, KhES1 and KhES3 [6, 25] , were maintained on mitomycin C-treated SNL cell feeder layers, kindly provided by A. Bradley (Sanger Institute, Cambridge, UK), in Primate ES Cell Medium (ReproCELL, Kanagawa, Japan) containing 500 U/ml penicillin/streptomycin (PS; Thermo Fisher Scientific, Waltham, MA, USA) and 4 ng/ml recombinant human basic fibroblast growth factor (Wako, Osaka, Japan). hiPSCs and hESCs were routinely tested for mycoplasma contamination and were negative.
Differentiation protocol In order to generate pancreatic lineage cells, hiPSC/hESC colonies grown on SNL feeder cells at 70% confluence were first dissociated using CTK dissociation solution and subsequently incubated on gelatin-coated plates for 30 min to remove SNL cells. The cells were then dissociated into single cells via gentle pipetting after treatment with Accutase (Innovative Cell Technologies, San Diego, CA, USA) for 20 min and seeded on Matrigel (BD Biosciences, San Jose, CA, USA)-coated 24-well plates at a density of 2 × 10 5 cells/well. The induction protocol was based on a modified version of a previously described method [17] . In stage 1, the dissociated single hiPSCs/hESCs were treated with 1 μmol/l CHIR99021 (Axon Mechem, Groningen, the Netherlands), 100 ng/ml activin A (R&D Systems, Minneapolis, MN, USA) and 10 μmol/l ROCK inhibitor Y-27632 (Wako) in stage 1 medium containing RPMI 1640 (Nacalai Tesque, Kyoto, Japan) supplemented with 2× B27 supplements (Thermo Fisher Scientific) and 500 U/ml PS for 2 days, after which the medium was changed to stage 1 medium containing 1 μmol/l CHIR99021 and 100 ng/ml activin A every day for an additional 3 days. In stage 2, the cells were treated with 1 μmol/l dorsomorphin (Merck, Darmstadt, Germany), 2 μmol/l retinoic acid (Sigma-Aldrich, St Louis, MO, USA) and 10 μmol/l SB431542 (Cayman Chemical, Ann Arbor, MI, USA) in stage 2 medium containing Improved MEM Zinc Option medium (Thermo Fisher Scientific) supplemented with 2× B27 supplements and 500 U/ml PS, after which the medium was changed every 2 days for a total of 6 days. In stage 3, four chemical compounds (4Fs)-10 μmol/l forskolin (Wako), 10 μmol/l dexamethasone (Wako), 5 μmol/l ALK5 inhibitor II (Wako) and 10 mmol/l nicotinamide (STEMCELL Technologies, Vancouver, BC, Canada)-were used with or without SCG (Sigma) in stage 3 medium containing Improved MEM Zinc Option medium supplemented with 2× B27 supplements and 500 U/ml PS, and the medium was changed every 4 days for a total of 8 days.
Chemical screening To screen chemical compounds that facilitate differentiation into INS + cells, PDX1 + pancreatic progenitors generated from KhES3 cells were dissociated into single cells using Accutase treatment and reseeded on Matrigel-coated 384-well plates. The cells were then treated with 4Fs and individual compounds using a robotic dispenser (Biomek 3000; Beckman Coulter, Fullerton, CA, USA) and cultured for an additional 8 days, changing the medium with the compounds every 4 days. The cells were subsequently immunostained with anti-insulin antibodies, and the number and induction rate of INS + cells were analysed using an imaging cytometer (Celigo; Brooks, Chelmsford, MA, USA). The data were normalised as the fold change compared with that observed in the control samples treated with 4Fs alone (see ESM Methods).
Immunostaining Immunostaining was performed on hiPSCderived differentiated cells and embryonic pancreatic cells from MIP-GFP (CD1-Tg(Ins1-GFP)1Hara) mice, kindly provided by M. Hara, University of Chicago, IL, USA [26] , as previously described, using primary antibodies against SRYbox 17 (SOX17) (AF1924, 1:500; R&D Systems), forkhead box A2 (FOXA2) (AF2400, 1:500; R&D Systems), PDX1 (AF2419, 1:500; R&D Systems), insulin (A0564, 1:500; Dako, Glostrup, Denmark), C-peptide (MON5021, 1:1000; Cell Sciences, Newburyport, MA, USA), glucagon (GCG) (G2654, 1:500; Sigma), somatostatin (SST) (A0566, 1:500; Dako), ghrelin (GHRE) (sc10368, 1:500; Santa Cruz Biotechnology, Dallas, TX, USA), amylase (AMY) (A8273, 1:500; Sigma), CK19 (M0888, 1:500; Dako), NKX6.1 (F55A12, 1:50; University of Iowa, Iowa City, IA, USA), neurogenin 3 (NGN3) (AB5684, 1:500; Millipore, Darmstadt, Germany) and Ki67 (556003, 1:100; BD Biosciences) [7, 13, 17, 22] . Nuclei were stained with Hoechst 33342 (H3570, 1:1000; Thermo Fisher Scientific). For quantification, 15 images per well were obtained using Celigo.
RT-PCR and quantitative real-time RT-PCR RT-PCR and quantitative real-time RT-PCR (qRT-PCR) were performed on hiPSC-derived differentiated cells and embryonic pancreatic cells from MIP-GFP mice, as previously described, to detect the mRNA expression of SOX17, PDX1, NGN3 (also known as Neurog3), ISL1, INS, GCG, SST, GHRE (also known as GHRL), MAFA, Ins1, Ngn3, BMP4, ACTB and GAPDH [27] . Total RNA was isolated using an RNeasy kit (Qiagen, Hilden, Germany), followed by cDNA synthesis using ReverTra Ace (Toyobo, Osaka, Japan). PCR was performed using a thermal cycler (Veriti 96-well Thermal Cycler; Thermo Fisher Scientific) and the Ex-Taq PCR kit (Takara, Shiga, Japan). qPCR was performed using the Step One Plus Real-Time PCR System (Thermo Fisher Scientific) and SYBR Green PCR Master Mix (Takara). PCR reactions were performed in triplicate for each sample. The primer sequences are shown in ESM Table 1 .
Flow cytometry Flow cytometric analyses were performed on dissociated embryonic pancreatic cells from MIP-GFP mice using FACSAria II (BD Biosciences) (see ESM Methods).
C-peptide release assay and insulin content analysis These examinations were performed on hiPSC-derived differentiated cells using the Human C-peptide ELISA Kit (Mercodia, Uppsala, Sweden) and the Human Insulin ELISA Kit (Mercodia), respectively (see ESM Methods).
Cell transplantation into mouse models of diabetes All animal experiments were approved by the Animal Care Committee of Kyoto University in accordance with the Guidelines for Animal Experiments of Kyoto University. Mice were maintained in a specific pathogen-free environment at 25°C on a 12 h light-dark cycle, with free access to a standard irradiated diet. A mouse model of type 1 diabetes was generated from male NOD-Scid (NOD/ShiJic-scid/Jcl) mice (CLEA Japan, Osaka, Japan) of 6 weeks of age or older using a single i.p. injection of 120 mg/kg streptozotocin (STZ) and stabilised for 10 days prior to transplantation. All mice used in this study (n = 3 per group) demonstrated hyperglycaemia (blood glucose level > 22.2 mmol/l) before transplantation. hiPSC-derived differentiated cells were dissociated with 0.25% trypsin and resuspended in DMEM with 10% FBS, and 2.0 × 10 6 or 4.0 × 10 6 cells were injected into the renal subcapsules of STZ mice using a 24 G catheter (NIPRO, Osaka, Japan). Blood glucose levels were observed for 6 months after transplantation.
Explant culture Embryonic day (E)12.5-16.5 pancreatic tissues derived from the MIP-GFP mice were dissected and isolated as previously described [28] . The tissues were then cultured at the air-fluid interface of 0.4 μm pore polycarbonate filters (Millipore) in stage 3 medium containing 4Fs with or without SCG for 4 days, as previously described [26, 27] .
RNA sequencing Libraries were prepared from hiPSCderived differentiated cells with the Illumina TruSeq Stranded Total RNA Sample Prep kit (Illumina, San Diego, CA, USA) and sequenced using the HiSeq2500 in 100-cycle single-read mode (see ESM Methods).
Statistical analysis Statistical analyses were performed using two-tailed paired Student's t tests to compare two individual groups and one-way ANOVA followed by Bonferroni's test to compare multiple groups. Data are expressed as means ± SD. No randomisation or investigator blinding was performed. Sample size was not predefined by power calculations. No experimental samples were excluded. p values of <0.05 were considered statistically significant.
Results
Screening for small molecules that improve the induction efficiency of INS + cells We designed a screening procedure based on a modified version of a previously published protocol that mimics the embryonic development of pancreatic beta cells (ESM Fig. 1a ) [17] . Both SOX17 + definitive endoderm and PDX1
+ pancreatic progenitor cells were induced at a high efficiency (83.3 ± 5.6% and 80.3 ± 4.6%, respectively) from an hESC line, KhES3, although INS + cells were induced at a low rate (5.9 ± 1.5%; ESM Fig. 1b) . Four factors/compounds (4Fs: nicotinamide, forskolin, dexamethasone and ALK5 inhibitor) were used in the rate-limiting step from PDX1 + to INS + cells. Chemical screening was performed by adding individual compounds to PDX1 + cells on culture day 11 (ESM Fig. 1c ). Approximately 1250 compounds were examined; however, no hits were found that induced INS + cells from PDX1 + cells. The same compounds were then screened by adding them individually to 4Fs to induce INS + cells with higher efficiency. Hit compounds were defined as those with which the induction rate of INS + cells was more than twice as high as that achieved with 4Fs alone, without toxicity or autofluorescence (ESM Fig. 1d ). Among the approximately 1250 compounds, only one hit chemical, SCG (Fig. 1a) , was identified.
Optimisation of differentiation protocol for INS
+ cells using SCG In order to determine the optimal conditions for SCG application, we examined the induction rate of INS + cells from an hiPSC line, 201B7, at various time points using 10 mmol/l SCG (Fig. 1b) . The induction rate of INS + cells following treatment with 4Fs + SCG was highest on day 19 (16.5 ± 2.1%), and was considerably higher than that obtained with control treatment using 4Fs alone (5.9 ± 1.5%; Fig. 1c ). The samples with or without SCG treatment on day 23 contained more than 10% INS + cells. However, the induction rate of INS + cells was higher with SCG treatment (Fig. 1c) .
Consistently, qRT-PCR analysis showed that the gene expression of INS reached its peak after 8 days (on day 19) of 4Fs + SCG treatment (Fig. 1d) . We then exposed the 201B7-derived PDX1 + cells to 4Fs and 0.001-20 mmol/l SCG for 8 days. The effect was dosedependent, with the highest efficiency and no toxicity at a concentration of 10 mmol/l (Fig. 1e) [29] . Optimal results were obtained by treating PDX1
+ cells with a combination of 4Fs and 10 mmol/l SCG for 8 days.
Treatment with SCG alone induced INS + cells at a rate of 3.2 ± 0.4% compared with 0.6 ± 0.2% for control treatment without SCG, which is consistent with qRT-PCR results showing INS gene expression levels of around six times higher than those achieved with control treatment (Fig. 1f) . We then confirmed that the addition of SCG to all combinations of three factors did not significantly increase INS expression, indicating that SCG requires the combination of all four factors for synergistic activity (Fig. 1g) .
Different hiPSC/hESC lines vary in their differentiation potential [24, 30] . We examined the effects of 4Fs + SCG treatment using eight hiPSC/hESC lines. The addition of SCG to 4Fs increased the induction rate of INS + cells in six out of the eight cell lines examined (648A1, 692D2, 409B2, 201B7, KhES3 and H9), although the induction rate of INS + cells differed among the hiPSC/hESC lines (Fig. 1h) . These results suggest that our differentiation protocol using 4Fs + SCG has broad application for multiple hiPSC/hESC lines.
Characteristics of INS
+ cells induced by SCG We next examined the gene expression characteristics at various stages of pancreatic development in culture using 4Fs + SCG treatment. The examined marker genes included SOX17 for definitive endoderm, PDX1, NGN3 and ISL1 for pancreatic progenitor, and INS, GCG, SST, GHRE and MAFA for endocrine cells, and were analysed from days 0 to 19. The results confirmed the gene expression of all markers except MAFA (Fig. 2a) .
We then examined the synthesis and release of C-peptide in order to evaluate the functionality of INS + cells induced by 4Fs + SCG. The cells induced by 4Fs alone and those induced by 4Fs + SCG both secreted C-peptide in response to KCl, although they did not differentiate into fully mature beta cells with glucose-responsive insulin secretion (Fig. 2b) . Insulin content was not significantly different between the two cell populations (Fig. 2c) . We also evaluated the physiological function of INS + cells induced by 4Fs + SCG in vivo by transplanting a total of 2.0 × 10 6 cells into one renal subcapsule of NOD-Scid mice with type 1 diabetes induced by STZ administration. The transplanted INS + cells induced by 4Fs + SCG mildly ameliorated hyperglycaemia in these mice, but only for the first 10 days (Fig. 2d, e; blue line) . The therapeutic effects were significantly higher than with the transplantation of cells induced with 4Fs alone on days 5, 6, 7 and 9 ( Fig. 2d; yellow line) . We examined the therapeutic effects up to 6 months after transplantation, but found no improvement in blood glucose levels after the first 10 days (Fig. 2d, e) .
We increased the cell number to 4.0 × 10 6 cells (2.0 × 10 6 cells per subcapsule of each kidney), which approximates the capacity of the kidney subcapsular space ( Fig. 2f; red line) . However, the transplantation experiments produced similar results, with mild therapeutic effects obtained around the first 10 days, although the transplantation of a larger number of cells lowered the blood glucose levels of the host mice to a larger extent (Fig. 2f) .
A slight increase in plasma human C-peptide levels in host mice was detected 7 days after transplantation (Fig. 2g) , with the values falling below detection levels by day 14 (data not shown). We then performed a detailed histological examination of the grafts from 1 to 10 days after transplantation and found that cells in the grafts were apoptotic, as evidenced by positive staining for TUNEL (Fig. 2h) . The size and cell number of the grafts gradually decreased, and the grafts eventually disappeared by day 7 (data not shown). These results suggest that although the INS + cells induced by treatment with 4Fs + SCG were not fully mature, they developed the ability to secrete functional insulin protein. 8 days of treatment, the cells induced by 4Fs + SCG were positively stained with multiple endocrine markers, including INS, GCG, SST and GHRE (Fig. 3a) . We should note that cells positive for NKX6.1 or pancreatic polypeptide were not found in these cultures. After 8 days of treatment with 4Fs + SCG, the induction rate of the cells positively stained with the endocrine lineage markers and the mRNA expression levels of the markers were significantly higher in cells induced with 4Fs + SCG than in the 4Fs-induced cells (Fig. 3b-f) . Most INS + cells induced with 4Fs + SCG were GCG − (Fig. 3a) . ) was low (4.2 ± 1.9%, n = 3) and not significantly different from that induced by 4Fs alone (2.8 ± 1.2%, n = 3).
We also examined the induction rate of cells positive for a pancreatic ductal marker, cytokeratin (CK)19, and those positive for an acinar cell marker, AMY. After 8 days of treatment with 4Fs alone, 51.9 ± 3.6% of cells were CK19 + and 21.6 ± 2.3% were AMY + . There were no significant differences in the induction rate of CK19 + or AMY + cells (53.8 ± 3.2% and 22.7 ± 1.9%, respectively) after the 8-day treatment with 4Fs + SCG (Fig. 3a, b) . These results indicate that the addition of SCG to 4Fs facilitates differentiation into endocrine lineages, but not into ductal or acinar lineages.
Addition of SCG facilitates the induction of NGN3
+ endocrine progenitor cells The addition of SCG to 4Fs increased the induction rate of multiple endocrine cell types. We therefore evaluated the possibility that NGN3 + endocrine precursor cells are induced by adding SCG to 4Fs. We evaluated the gene expression of PDX1 and NGN3 under the conditions of our differentiation protocol. While there were no significant increases in PDX1 expression, the expression level of NGN3 increased after 4 days (on day 15) with 4Fs + SCG treatment (Fig. 4a, b) . Consistently, the induction rate of NGN3 + cells during 4Fs + SCG treatment was highest on day 15 (32.6 ± 4.6%) and higher than that obtained with 4Fs alone + cells (Fig. 4e) . These results indicate that SCG treatment does not expand the populations of NGN3 + endocrine precursors or INS + cells.
SCG induces NGN3
+ cells in mouse embryonic pancreatic explants In order to examine the effects of SCG on NGN3 + and INS + cells in mouse embryos, we treated E12.5, 14.5 and 16.5 pancreatic tissues removed from MIP-GFP mice with 4Fs + SCG in an explant culture system for 4 days (Fig. 5a) . In comparison with 4Fs treatment, the addition of SCG increased the number of INS1 (green fluorescent protein)-positive cells (Fig. 5b) . The expression levels of Ngn3 and Ins1 were also higher in the samples treated with 4Fs + SCG compared with 4Fs alone (Fig. 5c, d ). Similar to the results of the in vitro hiPSC differentiation cultures, there were no significant changes in the percentages of NGN3 Fig . 4 (a, b) mechanisms of action by which SCG induces pancreatic endocrine differentiation, we performed RNA sequencing analyses to compare the gene expression profiles of cells after 8 days of treatment with SCG and those treated with H 2 O (controls). We also compared the gene expression profiles of cells treated with 4Fs + SCG and those treated with 4Fs alone. In both comparisons, differentially expressed genes with more than twofold change were selected. Genes common in the two comparisons were chosen to identify molecules whose expressions were specifically changed by SCG treatment. We found a small number of candidates (19 and 17 transcripts, respectively) that were significantly upregulated or downregulated, according to these criteria (ESM Tables 2, 3 ). Next, we performed two pathway analyses, Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses, both of which showed the bone morphogenetic protein (BMP)4 pathway to be significantly altered (ESM Tables 4, 5) , and we therefore focused on BMP4 out of the genes significantly downregulated in the SCG-treated group.
Further analysis by qRT-PCR confirmed that the expression of BMP4 was significantly downregulated in cells after 8 days of treatment with 4Fs + SCG relative to cells treated with 4Fs alone (Fig. 6a) . Then, in order to examine whether BMP4 signals are involved in the differentiation into NGN3 + endocrine progenitors and the subsequent generation of INS + cells, we added BMP4 (100 ng/ml) and a BMP signal antagonist, LDN-193189 (0.5 μg/ml), to the differentiation culture with 4Fs + SCG. The results showed that the addition of BMP4 significantly reduced the expression levels of NGN3 and INS as well as the induction rate of INS + cells, while the addition of LDN-193189 significantly increased the expression of NGN3 and INS, although it did not increase the induction rate of INS + cells (Fig. 6b-d) . These results suggest that the mechanisms of SCG-induced endocrine differentiation include the inhibition of BMP4 signalling.
Discussion
In this study, we used unbiased chemical screening to identify a small molecule, SCG, that facilitates the differentiation of hiPSCs/hESCs into INS + cells. The advantages of using small molecules for hiPSC/hESC differentiation include low cost, stability, ready supply, mechanistic implications and ease of use [23] . Previously reported protocols for the generation of pancreatic lineage cells mainly used expensive growth factors, which limits their clinical application. Modification of the protocols by using small molecules such as SCG may significantly lower the cost. SCG is a small molecule that is used to treat allergies and asthma. It exerts its anti-allergic effects by inhibiting the release of chemical inflammatory mediators, including histamine [31] [32] [33] . It has also been shown that chloride channels, heat-shock protein 90 and G-protein-coupled receptor 35 are target molecules of SCG [34] [35] [36] [37] [38] [39] . Although no reports have described the effects of SCG on pancreatic cells, based on those previous works, we suggest that SCG operates through signals related to chloride channels, heat-shock protein 90 or G-protein-coupled receptor 35 in pancreatic endocrine progenitors or on the membranes of these cells, since the mechanisms of the SCG anti-allergic effects include membrane stabilisation. In contrast to SCG, other anti-allergic drugs in the + cells induced with SCG were negative for NKX6.1 and did not show potential for glucose-responsive insulin secretion, suggesting that they may be embryonic or immature beta-like cells [40] . INS + cells induced with 4Fs + SCG showed slightly higher KClstimulated C-peptide secretion and therapeutic effects on blood glucose levels after transplantation than 4Fs-induced cells. However, considering the similar insulin content per cell in the two cell populations, the effects of SCG treatment were most likely due to an increased cell number and not functional improvement of the INS + cells. Future studies combining exogenous maturating signals, such as those produced by BMPs, TGF-β and EGF, are likely required to enable the generation of functionally mature beta cells [41] [42] [43] .
SCG induced the differentiation of PDX1 + pancreatic progenitor cells into NGN3 + endocrine precursors in both cultures of hiPSCs/hESCs in vitro and mouse embryonic pancreas tissues ex vivo. In contrast, SCG did not act on adult islet cells (data not shown), among which NGN3 + cells may not exist or are at low numbers [44] [45] [46] [47] . The results of our RNA sequencing analyses led us to focus on the effects of BMP4 signalling. Pancreatic progenitor cells were generated under the continuous suppression of BMP signalling in hESC differentiation culture [16, 48, 49] . The present study also showed that SCG inhibits BMP4 signalling at the transcription level to induce the differentiation of pancreatic endocrine progenitors. A previous report showed that Sox2 was a downstream molecule of Bmp4 in mouse lens development [50] . We found, through the RNA sequencing results, that SCG treatment downregulated SOX2 (fold change: 0.537 for SCG/control and 0.391 for 4Fs + SCG/4Fs). This finding hints that a SOX2-dependent mechanism might regulate the differentiation of pancreatic endocrine progenitors upon SCG treatment and is worthy of future study.
In conclusion, we identified a small molecule, SCG, that improves INS + cell generation from multiple hiPSC/hESC lines by facilitating the differentiation of endocrine precursors. SCG may contribute to elucidating the mechanisms of pancreatic endocrine development and provide a costeffective supply of new cell sources for regenerative therapy against type 1 diabetes.
